An important anticarcinogenic function of the mismatch repair (MMR) system is its role in preventing recombination between similar, but nonidentical (homeologous) sequences, thus preventing chromosomal rearrangements. We recently identified a novel chromosomal instability (CIN) phenotype in an MMR defective colon cancer cell line (HCA7) characterized by an ongoing tendency to multiple reciprocal chromosomal translocations. To analyse the relation between MMR and chromosomal changes more closely, the HCA7 stem clone was divided into three stocks. The first was stably transfected with MLH1 expression plasmid, the second was regularly exposed to the demethylating agent 5-azacytidin to re-express the hypermethylated MLH1 gene, and the third was an unmanipulated control stock. All stocks were propagated in vitro for 55-80 passages and, furthermore, some of the early passages were irradiated to induce DNA double-strand breaks. Multiplex-fluorescent in situ hybridization (M-FISH) analysis showed that all three stocks acquired varying numbers of reciprocal translocations and other structural changes at some point. Interestingly, the control stock, which is MMR defective, maintained its numerical chromosomal stability, while some of the MMRproficient clones showed additional numerical instability. Although the control stock was less sensitive to irradiation, its surviving clones showed marked stability of chromosome structure and number compared to the MMR-competent stocks. These results show that restoring MMR does not prevent the development of reciprocal translocations but rather predisposes cells to numerical CIN after irradiation. Thus, the accumulating data suggest that MMR defect may not be necessary for the development of reciprocal chromosomal translocations but might be permissive.
Introduction
The mismatch repair (MMR) system has an important anticarcinogenic role through mutation avoidance as it recognizes and repairs nucleotide mismatches and heteroduplex loops that arise during DNA replication. MMR-defective tumors exhibit a generalized 'mutator phenotype', which includes length variation of short repetitive DNA tracts, termed as microsatellite instability (Peltoma¨ki, 2001) . Another anticarcinogenic function of the MMR system is its role in preventing recombination between similar, but nonidentical (homeologous) sequences, with the purpose to prevent genome rearrangements resulting from interactions between repetitive elements (de Wind et al., 1995; Ciotta et al., 1998; Harfe and Jinks-Robertson, 2000; Elliott and Jasin, 2001) . A direct role of MMR proteins in guarding the fidelity of somatic recombination (Ciotta et al., 1998) and double-strand break repair by homologous recombination (HR) (Elliott and Jasin, 2001 ) was documented. Additionally, some genes encoding components of the DNA double-strand break repair, such as MRE11 (Giannini et al., 2002) and hRAD50 (Kim et al., 2001) , appear to be particular mutation targets in MMR-deficient cells. However, investigators have been puzzled by the observation that MMR-deficient mammalian cells are generally euploid and do not display gross chromosomal structural rearrangements, as evaluated by flow cytometrical ploidy analysis (Bocker et al., 1996) , comparative genomic hybridization (Schlegel et al., 1995) or conventional karyotyping (Eshleman et al., 1998) . This has raised the question if structural abnormalities are really absent in these cells or alternatively, are they so subtle that more sophisticated techniques are necessary for their detection. Our recent work using spectral karyotyping (SKY) provided a number of original observations important to resolve this question. We identified multiple reciprocal translocations in two out of eight MMR defective colon cancer cell lines, but in none of nine MMR-competent lines examined by the same technique (Abdel-Rahman et al., 2001) . The overwhelming majority of translocations observed in epithelial tumors are nonreciprocal (Dutrillaux, 1995) , but one of our two lines (HCA7) showed six reciprocal translocations in its modal karyotype. Moreover, these translocation events appeared to be ongoing, since extra examples were found in some metaphases.
Reciprocal chromosomal translocations may reflect a shared defect in chromosome structure making it susceptible to breaks and/or a defect in the fidelity of the HR process, in which two chromosomes exchange segments of DNA that exhibit sequence homology . We hypothesized that the multiple reciprocal translocation phenotype occasionally observed in cancer cells such as HCA7 is caused by MMR deficiency through faulty HR. Alternatively, the DNA hypermethylation phenotype could have a role in the generation of these reciprocal translocations, since in HCA7, the MMR gene MLH1 is silenced by hypermethylation of its promoter region (Wheeler et al., 1999) . We describe here the effects of restoring MMR, both selectively by introducing an MLH1 expression plasmid and through reversing hypermethylation, on HCA7 karyotype.
Results

MLH1 expression and MMR status after manipulation
Immunohistochemistry showed the absence of MLH1 expression in parental HCA7 and in HCA7K (stem clone), while nuclear MSH2 expression was detected in both cells. After MLH1 stable transfection, nuclear MLH1 expression became visible in HCA7H1; the same was true for HCA7AZA after two weeks of exposure to 5-azacytidine (Figure 1a-d) . Nuclear MLH1 expression was consistent throughout the experimental period. Furthermore, stabilization of the allele length of a panel of microsatellite loci verified that re-expression of MLH1 resulted in the correction of the MMR defect in HCA7H1 and HCA7AZA. Thus, comparison to the matching earliest passages showed that while length fluctuations were noted in late passage HCA7K control at 4/12 (33%) microsatellite loci, no changes were noted in late passages of HCA7H1 or HCA7AZA at any of those 12 microsatellite loci (Figure 1e and f).
Karyotyping HCA7 subclones by multiplex-fluorescent in situ hybridization (M-FISH): similarity to the parental HCA7 karyotype
We sought to isolate the stem clone, as it was most likely to have the ability to acquire additional translocations with further propagation in vitro. After subcloning, the signature karyotype of the subclone HCA7K was matching the stem clone of the parental HCA7 with three pairs of reciprocal translocations. Additionally, two new structural changes had been acquired during subcloning and further propagation. The HCA7K complete karyotype was as follows , der(X)t(X;4)(p22;q25-26) a , 1 Â 1, der(1)-del(1)(q)t(1;16)(p13;p11.2) b , 2 Â 2, 3 Â 0, del(3)(p13p21), der(3)t(3;14), 4 Â 1, der(4)t(X;4)(p22;q25-26) a , 5Â 1, del(5)(q?), 6 Â 1, der(6)t(6;18)(q13-15;q11.2) c , 7Â 1, del(7)(q31-qter), 8 Â 2, 9 Â 1, der(9)t(9;21)(p12-13; q11.2), 10 Â 1, der(10)t(3;10), 11 Â 2, 12 Â 1, dup(12) (q?), 13 Â 1, 14 Â 2, 15 Â 1, del (15) Table 1a .
Reciprocal translocations observed in all stocks
Analysis of spontaneous chromosomal changes accumulated during in vitro propagation showed that the signature karyotypes remained essentially the same for all three stocks (HCA7K, HCA7H1, HCA7AZA) up to passage 25, after which clonal structural chromosomal rearrangements, including reciprocal translocations, (Tables 1b and 2 ). The modal numbers for individual chromosomes and the overall mode remained stable in all three stocks. The centromere variability (a measure of numerical chromosomal instability; CIN) ranged from 0.5 to 5 for all stocks closely matching that of parental HCA7 and HCA7Kp0, indicating the absence of any spontaneous numerical CIN (Table 1) .
Interestingly, g-irradiation induced almost no changes in either chromosome number or structure in the surviving HCA7K clones, while surviving HCA7H1 and HCA7AZA clones sustained around 25 (75) structural chromosomal rearrangements per clone with marked heterogeneity between individual cells in the same clone. Moreover, reciprocal translocations accounted for 34 and 75% of the rearrangements in the c This is the clone karyotypically described within the parental HCA7 before single-cell subcloning Figure 2c ) and in the irradiated HCA7AZA clones (Figure 2d ), respectively (see also Tables 1b and 2a-c).
MMR correction predisposes to numerical CIN
Examination of the irradiated HCA7H1 and HCA7A-ZA clones revealed multiple evidence of numerical CIN. Different metaphases from the same clone showed marked heterogeneity in chromosome structure and number. Emerging subclones tended to acquire additional copies of normal and, more typically, rearranged chromosomes. More complex rearrangements were also observed. The modal chromosome number was hyperdiploid (48-54) in a total of four irradiated HCA7H1 and HCA7AZA clones and near triploid (64) in one irradiated HCA7H1 clone (Figure 2c and d and Table  2b and c). Furthermore, the centromere variability increased to 22-30 in irradiated HCA7H1 (Table 1b) .
Effects of g-irradiation on clonogenic survival and CIN
HCA7K cells were resistant to irradiation. Restoring MMR by either MLH1 transfection or 5-azacytidine treatment made the cells considerably sensitive to irradiation as evidenced by threefold drop of clonogenic survival (Figure 3) . Interestingly, the surviving clones of HCA7H1 and HCA7AZA showed marked instability in chromosome structure and number not seen in HCA7K (see above).
Discussion
In this work, we record multiple effects of restoring MMR in a human tumor cell line with unique karyotypic features.
Confirmation of the nature of CIN in parental HCA7
The consensus karyotype of HCA7K accumulated two clonal structural changes during subcloning, but there was no numerical changes compared to parental HCA7. The karyotype of all experimental stocks remained stable over many generations up to passage 25 (B40 generations) in agreement with previous findings (Roschke et al., 2002) . Further chromosomal changes observed in HCA7K confirmed the nature of the instability phenotype in parental HCA7 as ongoing structural CIN with a tendency to form multiple reciprocal translocations while the chromosome number is stable.
MMR, HR and reciprocal chromosomal rearrangements
DNA double-strand breaks may be repaired in mammalian cells by both nonhomologous end joining (NHEJ) and HR. The accumulated data are most consistent with the hypothesis that the observed large number of reciprocal translocations here developed through inaccurate HR, using heterologous chromosomes as repair templates, and involving formation of Holliday junctions via crossover events (Szostak et al., 1983; . Complete loss of one or more components of HR may not account for the defect in HCA7 as it was shown that lack of RAD51 (Sonoda q a-w The same letter marks both partners of a reciprocal translocations. In d,e,f,j,o,q , the contributing chromosomes were originally rearranged and the final reciprocal translocation was more complex, for example, in q a reciprocal translocation occurred between der(3;14) and der(X)t(X;4), which were originally present in HCA7Kp0 and in addition a fragment of chromosome 10 joined chromosome 3 part to produce the described translocation (seen also in Figure 2d et al., 1998), XRCC2 (Deans et al., 2003) , BRCA2 (Yu et al., 2000) or BRCA1 (Moynahan et al., 2001) produced frequent chromosomal fragmentation and translocations, but the overwhelming majority of these were nonreciprocal. Strong evidence implicating faulty HR in the production of multiple reciprocal translocations came out recently. Multiple DNA double-strand breaks in the presence of overexpression of the HR component, RAD51, produced DNA repair products associated with exchange of flanking markers consistent with crossing over (Richardson et al., 2004) . Our data, however, show that the MMR defects may not be absolutely required in such processes in spite of the wellestablished role of the MMR system in guarding the fidelity of HR (de Wind et al., 1995; Ciotta et al., 1998; Harfe and Jinks-Robertson, 2000; Elliott and Jasin, 2001 ).
NHEJ and reciprocal chromosomal translocations
It was shown that two DNA double-strand breaks on two different chromosomes induced reciprocal translocations through nonconservative repair process involving NHEJ (Richardson and Jasin, 2000) . The artificial conditions in which these translocations were produced make extrapolation to the translocations observed in our experiment difficult. Given that almost all the 43 chromosomes in HCA7K were susceptible to breaks (as observed after irradiation), the random chance of observing reciprocal translocations arising through indiscriminate joining of the broken ends will be far less than that we observed in our irradiated clones. Our high ratios of reciprocal translocations to all translocations (1 : 3 in irradiated HCA7H1 and 1 : 2-3 : 1 in irradiated HCA7AZA) suggested that another repair mechanism that selectively produced both partners of reciprocal translocation was involved. A study of irradiation effects on NHEJ-deficient mouse fibroblasts showed a tendency to fragmentation and nonreciprocal translocations with a ratio of rearrangements to fragments of 1 : 4 (Ferguson et al., 2000) . We observed a ratio of 4 : 1 (rearrangements to deletions) in our irradiated MMR-competent clones. Further, multiple balanced translocations are not classically described as a response to irradiation in solid tumor cells and a study of irradiation-induced solid tumors showed a tendency to imbalances that resulted in deletions suggesting the involvement of tumor suppressors (Chauveinc et al., 1999) .
Correction of MMR predisposes to imbalances and numerical CIN
The effects of DNA insult, such as irradiation, are known to depend on the genetic background of the cells. Our data show that restoring MMR sensitizes tumor cells to ionizing radiation. However, we also found that irradiation predisposes the MMR-proficient chromosomally stable tumor cells to numerical CIN. Our observation seems to be a widespread phenomenon as development of CIN in radio-resistant cells was reported using wide range of cell systems, but microsatellite instability was not detected in such cells (Lambert et al., 1998; Limoli et al., 2001) . A study on isogenic colon cancer cells showed that DNA insults induced CIN in chromosomally stable MMR-proficient cells, while MMR-deficient cells did not develop any CIN (Bardelli et al., 2001) . Radiation-induced solid tumors, including colorectal cancers, are usually chromosomally unstable but microsatellite stable (Chauveinc et al., 1999; Lefevre et al., 2001; Tsuji et al., 2003) . Moreover, we observed that the numerical CIN frequently manifested itself as a tendency to acquire additional copies of the rearranged chromosomes, suggesting an oncogene-driven process. The existence of a subset of colon tumors that is MMR proficient and does not have any CIN has been reported (Georgiades et al., 1999; Chan et al., 2001) . According to our observations, such tumors might develop numerical CIN after irradiation, probably making them more aggressive. Our data will thus help better understand the mechanisms that underlie the acquired instability in human cancers, particularly those that are induced by irradiation, and therefore might have important implications in cancer therapy.
Collectively, our data suggest that MMR deficiency might be a limiting or selecting factor favoring balanced reciprocal changes over unbalanced changes in the colon cancer cell line HCA7. Our results leave room for the possibility that MMR deficiency has permissive effects on this phenotype, and a search for the primary mechanisms will be undertaken.
Materials and methods
Cell lines and clones
The colon cancer cell line HCA7 and its subclones were cultured as before (Abdel-Rahman et al., 2001) . All experimental stocks were free of mycoplasma contamination on monthly checks. Parental HCA7 contains at least two karyotypic clones: the stem clone has three pairs of reciprocally translocated derivative chromosomes and the main clone has six pairs of reciprocally translocated derivatives, three of which are the same found in the stem clone (Abdel-Rahman et al., 2001) . For the purpose of this work, we isolated a singlecell subclone representing the stem clone karyotype of HCA7. Parental HCA7 cells were diluted to deliver a single cell to only one of every three well in a 96-well microtiter plate (Costar, Corning, NY, USA). In all, 10 single-cell clone outgrowths were expanded through a defined number of passages (B15 passages). The passage number at this stage was defined as 'p0'. Four single-cell clones were karyotyped using M-FISH (a 24-color FISH technique similar to SKY). M-FISH karyotyping detected the stem clone karyotype in one clone (HCA7K) out of four clones analysed, the other three showed the main clone karyotype as reported previously (Abdel-Rahman et al., 2001) . HCA7K p0 was divided into few stocks and one of them was propagated in vitro as a control with no further manipulation.
MLH1 stable transfection
A stock of HCA7K was stably transfected with the MLH1 expression plasmid pC9MLH1 containing full-length human MLH1 cDNA (gift from Dr Bert Vogelstein, Johns Hopkins Oncology Center, MD, USA) using the FuGENE 6 (Roche, Indianapolis, IN, USA) transfection reagent according to manufacturer's instructions. Transfected cells were selected and grown as clonal culture in medium containing G-418 at a concentration of 1 mg/ml. G-418 was decreased gradually over 2 weeks and the selected MLH1-expressing clones subsequently maintained on 100 mg/ml G-418 and expanded for a defined number of passages (B15 passages). Few transfected clones were then M-FISH karyotyped and the one containing the least number of additional changes (called HCA7H1) was used for further experiments.
5-Azacytidin treatment
A stock of HCA7K called HCA7AZA was exposed to optimized concentration of demethylating agent 5-azacytidin (1.5 mg/ml) on day 2 of plating and the medium washed on day 5. On day 8, the cells were either reseeded or harvested for analysis. Exposure to 5-azacytidin was repeated regularly for the whole duration of the experiment. Here, the observed effect might reflect not only restoration of the MMR function, but possibly restored functions of some other genes as well.
Verification of MLH1 protein expression
MLH1 protein expression was checked at the outset and every 2 months throughout the experimental period. Sections of formalin-fixed paraffin-embedded cell blocks from the test and control stocks were immunohistochemically stained with antibodies against MMR proteins MLH1 and MSH2 as described before (Schweizer et al., 2001) .
Microsatellite analysis for verification of MMR function
Allele length fluctuation at microsatellite loci has been used to verify if transfection of the defective MMR gene resulted in complementing DNA MMR defects (Risinger et al., 1998; Buermeyer et al., 1999) . We here compared microsatellite allele lengths in early versus late passages of each stock at 12 microsatellite loci (D1S2667, D2S123, D5S346, D9S167, D13S263, D17S250, D18S474, BAT21, BAT25, BAT26, ITF2, TCF4) including mono-, di-and trinucleotide repeats. The forward primers were fluorescently labeled with FAM and PCR products were run on ABI3730 sequencer/genotyper and results analysed using GeneMapper v3 software (Applied Biosystems, Europe).
g-irradiation
For this experiment, we used the matched earliest passages of HCA7H1, HCA7AZA and HCA7K. Exponentially growing cells were trypsinized and 10 3 cells were exposed to 1, 3 or 5 Gy g-rays at 1.8 Gy/min (Cs 137 source, Steuerungstechnik & Strahlenschutz, Braunschweig, Germany). Cells were replated and colonies were counted after 2 weeks and survival expressed as a percentage relative to untreated matching controls for every line. Clonogenic survival was performed in duplicates. Further, six to 10 clones from each stock irradiated at 3 Gy were grown for additional 6-8 weeks for karyotyping.
M-FISH karyotyping
Metaphase preparations were according to standard cytogenetic procedures. M-FISH was performed using the Xcyting colors (MetaSystems GmbH, Altlussheim, Germany) according to the manufacturer's protocol. Data were analysed using ISIS 4.4.21 software (MetaSystems GmbH, Altlussheim, Germany).
